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ABSTRACT

Soil organic C (SOC) analyses using high temperature induction
furnace combustion methods have become increasing popular because
of advances in instrumentation. Combustion methods, however, also
include C from CaCO; and CaMg(CO;), found in calcareous soils.
Separate analysis of the inorganic C (IC) must be done to correct C
data from combustion methods. Our objective was to develop a effi-
cient and precise IC method by modification of the pressure-calcime-
ter method. We modified the method by using Wheaton serum bottles
(20-mL and 100-mL) sealed with butyl rubber stoppers and aluminum
tear-off seals as the reaction vessel and a pressure transducer moni-
tored by a digital voltmeter. Our gravimetric IC determination of six
soils showed a strong correlation when regressed against IC from the
modified pressure-calcimeter method (slope of 0.99, r> = 0.998). The
method detection limit (MDL) was 0.17 g IC kg ! for the 20-mL
serum bottles and the limit of quantification (LOQ) was 0.30 g IC
kg . The 100-mL serum bottle had a MDL of 0.42 with a LOQ of
2.4 g IC kg '. When using a 100-mL Wheaton serum bottle as the
reaction vessel with a 0.50-g sample size, soils containing up to 120 g
IC kg~', which represent a 100 % CaCO; equivalent, can be analyzed
within the V output range of the pressure transducer. Soil organic C
determined by subtraction of IC from total C from combustion analy-
sis correlated well with SOC determined by the Walkley-Black.

OIL CARBONATE analysis methods typically utilize acid
dissolution with the consumption of H* or the deter-
mination of Ca and Mg, or CO, production (Loeppert
and Suarez, 1996). Quantitative determination of carbon-
ates can be accomplished using the gravimetric method
based on the reaction of HCI with soil carbonates and
the gravimetric loss of CO, as described by the U.S.
Salinity Laboratory Staff (1954). This method however
is not practical for large sample runs and is not suitable
for low IC contents. The measurement of CO, is preferred
because of its simplicity and because it is a direct measure
of carbonate when precautions are used to eliminate or-
ganic matter oxidation which would give a positive inter-
ference (Loeppert and Suarez, 1996). The analysis of CO,
by pressure-calcimeter method described by Loeppert
and Suarez (1996) is a direct, accurate and inexpensive
method, but the complexity of the pressure calcimeter
apparatus makes large sample runs impractical. The vol-
umetric IC analysis system described by Wagner et al.
(1998) improved the pressure-calcimeter apparatus by
utilizing a pressure transducer, which is monitored by a
data acquisition card connected to a personal computer.
However, the reaction vessel used by Wagner et al. (1998)
is susceptible to leaks, and therefore requires leak checks
while the reaction takes place in a constant tempera-
ture bath.
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Wagner et al. (1998) showed that inorganic C deter-
mined as the difference between total C by combustion
furnace and SOC where soils are acidified before com-
bustion had a close correlation with their volumetric IC
system. However, at concentrations <5.0 g IC kg ~, the
combustion method difference was less precise. This de-
termination also requires the sample be run twice through
a dry combustion system which dramatically increases the
cost of the analysis. Acidification of soils prior to analysis
by dry combustion is also time-consuming and presents
difficulties because destruction of organic matter can
occur (Nelson and Sommers, 1996).

We propose a modification of the reaction vessel which
facilitates effective analysis of batch runs of 80 to 120
samples per day. Our main objective was to develop a
fast and routine method that could produce quantitative
analysis of total IC for both extremes of the analytical
range. Five subobjectives were (i) to compare gravimet-
rically-determined IC with IC determined by our modi-
fied pressure-calcimeter method; (ii) to determine the
MDL and the LOQ; (iii) to evaluate the effect of reduc-
ing the sample size on precision; (iv) to evaluate the time
required to neutralize a range of carbonate-containing
soils; (v) to compare the SOC values obtained from
combustion analysis corrected with this method to those
SOC values obtained from a Walkley-Black analysis.

MATERIALS AND METHODS
Apparatus Description

The modified calcimeter apparatus (Fig. 1) consists of a pres-
sure transducer (Model 280E Serta, 0-105 kPa, output .03-5.03
VDC from Setra Systems, Inc., Boxborough, MA)! connected
to a power supply (24 V DC) with 14 gauge wire, and a digital
voltmeter wired in line to monitor output from the transducer.
Attached to the base of the pressure transducer is 20 cm of
clear laboratory Tygon R-3603 tubing (9.5-mm i.d.) connected
to an 18 guage Luer-loc hypodermic needle with a particle
filter (0.6 wm for removing particles from carrier gas, Leco
#768-980; Leco Co., St. Joseph, MI) spliced in the middle of
the tubing to prevent any reflux from reaching the pressure
transducer (Fig. 1). A 20-mL wheaton serum bottle (Wheaton
Science Products, Millville, NJ) serves as the reaction vessel
for soils containing up to 18 g IC kg~! and a 100-mL bottle
for soils above 18 g IC kg™, in which a 2-mL (0.50 dram)
autosampler vial is inserted containing 2-mL of the acid re-
agent of 6 M HCI containing 3% by weight of FeCl, - 4H,0
(Fig. 2). The FeCl, is used to eliminate the release of CO,
from organic matter (Loeppert and Suarez, 1996). The 2 mL
of acid reagent is able to neutralize up to 72 g IC kg™'.

"Mention of a commercial product does not impy either USD A~
ARS or Colorado State University endorsement of that product or
similar products.

Abbreviations: IC, inorganic C; LOQ, limit of quantitation; MDL,
method detection limit; NAPT, North American Proficiency Testing
program; RSD, relative standard deviation; SOC, soil organic C.
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Fig. 1. Total inorganic C apparatus by modified pressure calcimeter
method using Wheaton serum bottles (Wheaton Science Products,
Millville, NJ) as the reaction vessel.

Analysis Procedure

Soil samples ground to pass through 200-pm (80-mesh)
sieve were weighed to 1.00 or 0.50 g and transferred to a
Wheaton serum bottle (Wheaton Science Products, Millville,
NJ). The vial containing 2-mL of 6 M HCI was then dropped
into the serum bottle. The bottle was sealed with a two-prong

gray butyl rubber stopper and crimped closed with a aluminum
tear-off cap seal using a hand-held crimper. Once the serum
bottle with the sample and acid vial was sealed (reaction ves-
sel), the reaction was started by vigorously shaking the 20-mL
serum bottle or gently swirling the 100-mL serum bottle assem-
bly to spill the acid vial within the reaction vessel, which al-
lows acid contact with the soil sample. We insured that all of
the acid comes in contact with the soil without splashing the
soil/acid mixture in the 100-mL reaction vessel up the side
walls of the serum bottle. Less care was needed for the 20-mL
reaction vessel because of the surface area and rolling the
bottle on it’s side allowed complete contact of the soil with
the acid. After a set reaction time, we measured samples and
standards for CO, evolution by removing the aluminum tear-
off seal cap, which exposes the butyl rubber stopper, and
inserting the 18-gauge hypodermic needle that was attached
to the pressure transducer and voltage meter and recorded
the voltage output out to two decimal places after ~3 to 5 s.
A calibration curve was developed by mixing reagent grade
CaCO; with oven-dried laboratory sand which was ground to
200 pm (80 mesh). Standards were made based on a final
weight of 20.0000 g of sand and CaCOj; to obtain IC concen-
trations of 0.24, 0.30, 0.60, 1.2, 2.4, 6.0, 12.0, and 18.0 g kg™!
for the 20-mL Wheaton serum bottles (Wheaton Science Pro-
ducts, Millville, NJ) (Fig. 3). The calibration curve for the
100-mL Wheaton serum bottle (Wheaton Science Products,
Millville, NJ) was obtained using IC concentrations of 0.60,
1.2, 6.0, 12.0, 24.0, 36.0, and 60.0 g kg™! (Fig. 4). A 1.00-g
sample of each standard was transfered into the serum bottles.
A calibration curve was prepared during each run of samples
along with four blanks, the mean of which was used as the zero
concentration in the linear regression to account for changes in
room temperature and pressure.

Method Validation

Six soils from the NAPT program were analyzed with four
replications using gravimetric determination of total IC with
a 1.00-g sample for all soils except 98-119, which was 0.50 g
in size (Loeppert and Suarez, 1996). The NAPT program re-
ports median values with median average deviations (MAD)
obtained from multiple laboratories (Table 1). The six soils
had pH values of 7.8 or greater, and IC values ranging from
2.2 to 37.7 g kg~! as reported in the quarterly results (Ta-
ble 1). The mean of four replications of our gravimetric IC

Fig. 2. Wheaton serum bottles (Wheaton Science Products, Millville, NJ) (100 and 20 mL) used as the reaction vessel in the modified pressure
calcimeter method for total inorganic C with butyl rubber stoppers and aluminum tear-off sealing caps.
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Fig. 3. Calibration curve for total inorganic C by modified pressure calcimeter using 20-mL Wheaton serum bottles (Wheaton Science Products,

Millville, NJ) as the reaction vessel.

determination for each of the six NAPT soils was compared
with our modified pressure-calcimeter method using the mean
of four replications for each soil with a 2-h reaction time in
a 20-mL serum bottle. The soil sample number 98-119 was
weighed to 0.50 g and the remaining five soils were weighed
to 1.00-g sample size.

The method detection limit was calculated as three times
the standard deviation of 10 method blanks for each reaction

vessel (Klesta and Bartz, 1996). In addition to MDL, a limit
of quantitation (LOQ) was empirically derived from examin-
ing the inflection point in the curve of relative standard devia-
tion (RSD), which is the standard deviation divided by the
mean in percentage versus increasing analyte concentration
(Klesta and Bartz, 1996). This is defined as the lowest level
at which analytical measurement becomes meaningful (Kelsta
and Bartz, 1996). Standards were made using reagent grade
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Fig. 4. Calibration curve for total inorganic C by modified pressure calcimeter using 100-mL Wheaton serum bottles (Wheaton Science Products,

Millville, NJ) as the reaction vessel.
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Table 1. Selected median soil properties as reported by the North American Proficiency Testing program and used in the evaluation

of the modified pressure calcimeter total inorganic C analysis.

Inorganic C

pH SOC
Soil ID Series Classification (1:2) Sand Silt Clay W.B.f Mean MADi RMD§$§
g kg™! %

98-105 Zook

99-115 Sagcove (Classification not available)

98-114 Fivemile Fine-silty, mixed, calcareous, mesic, Typic Torrifluvent

98-104 Laveen

2000-103 Imperial- Fine, smectitic, calcareous, hyperthemic Vertic Torrifluvent
Glenbar

98-119 Milville Coarse-silty, carbonatic, mesic, Typic Haploxerolls

Fine, smectitic, mesic Cumulic Vertic Endoaquolls

7.8 240 480 280 45.2 2.2 0.7 333
7.8 150 480 350 19.0 4.7 11 23.8
83 380 410 210 9.3 9.5 11 11.3

Coarse-loamy, mixed, superactive, hyperthermic Typic Haplocalcids 8.4 600 270 130 75  12.6 0.7 5.4
7.

9 90 380 530 81 193 1.4 7.5
79 270 550 180 124 377 15.0 39.8

T Walkley-Black soil organic C.
£ MAD is median average deviation.
§ RMD is relative median deviation.

CaCO; as described previously in the analysis procedure sec-
tion with concentrations of 0.12, 0.15, 0.24, 0.30, 0.60, 1.20,
and 2.40 g IC kg ! for the 20-mL reaction vessel. The 100-mL
reaction vessel standards were made with concentrations of
0.30, 0.60, 1.20, 2.40, 6.0, 12.0, 24.0, and 36.0 g IC kg~'. Seven
replications were weighed out to 1.00 g and transfered into
Wheaton serum bottles (Wheaton Science Products, Millville,
NJ) for both the 20-mL and 100-mL reaction vessels. These
standards and ten method blanks were analyzed using the
modified pressure-calcimeter method and the mean, standard
deviation, and percentage of relative standard deviation (RSD)
were determined for each of the standards. A plot was then
produced to show at what concentration the coefficient of
variation dramatically increases.

The evaluation of the reduction in sample size from 1.00-
to 0.50-g soil mass was done with six replications of each of
the six NAPT soils using a 6-h reaction time for both sizes of
reaction vessels. The exception to this was sample number 98-
119, which could not be run with a 1.00-g sample in the 20-
mL reaction vessel because the pressure voltage would have
greatly exceeded the transducers 5.03 voltage range.

The effect of reaction time for the six NAPT soils with the
acid reagent was evaluated using reaction times of 1, 2, 4, 6,
14, 18, and 24 h. Samples were analyzed using a 1.00-g size
and a 20-mL serum bottle as the reaction vessel for soils 98-
104, 98-105, 98-114, and 99-115. For soils 98-119 and 2000-103,
a 100-mL Wheaton serum bottle (Wheaton Science Products,
Millville, NJ) was used as the reaction vessel as their concen-
trations were above the 18 g IC kg™! limit imposed by the
20-mL reaction vessel. We analyzed a complete factorial ar-
rangement of seven reaction times and six soils with three
replications randomly analyzed within a reaction time. The
main factor was reaction time and the subfactor treatment
was the soil. We analyzed the data using the GLM procedure
of SAS (SAS, 1999).

The six NAPT soils were weighed to 0.2000 g and replicated
four times and analyzed for total C by dry combustion using

a Leco CHN-1000 (Leco Corp., Saint Joseph, MI; Leco Corp.,
1995). The modified pressure calcimeter IC mean from the 6-
h reaction time using the 20-mL serum bottle was then sub-
tracted from the total C to obtain SOC for five of the six soils.
The IC for sample number 98-119 was obtained by using the
100-mL serum bottle with a 1.00-g sample size. These values
were then compared using regression to SOC median values
by Walkley-Black (Nelson and Sommers, 1996) reported in
the NAPT quarterly results (Table 1).

Surface soils from a long-term dryland no-till cropping sys-
tem experiment (Peterson et al., 1993) were similarly com-
pared. Surface soil profiles of 0- to 2.5-, 2.5- to 5-, 5- to 10-,
and 10- to 20-cm depth increments were sampled in the fall
of 1997 at three locations in eastern Colorado at two different
cropping intensities (wheat [ Triticum aestivum L.]-fallow and
continuous cropping) and at three landscape positions of sum-
mit, side-slope, and toe-slope positions (Peterson et al., 1993).
A composite soil sample of 15 to 20 cores using a 2.54-cm i.d.
probe was sampled for each slope position within each site
location for the each of the rotations. These soils, representing
72 samples, were air dried and ground to passed through a 2-mm
sieve, then subsampled before being ground to pass through an
200-pm (80-mesh) sieve. Soils were analyzed for SOC by the
Walkley-Black method (Nelson and Sommers, 1996), total C
using a CHN-1000 Leco combustion furnace (Leco Corp.,
Saint Joseph, MI) with a 0.2000-g sample size (Leco Corp.,
1995), and IC using our modified pressure-calcimeter method.
The total C from the dry combustion was corrected for IC
by subtraction to obtain SOC. This value of SOC was then
compared by regression to the value of SOC by Walkley-
Black analysis.

RESULTS AND DISCUSSION

Inorganic C median values reported from the NAPT
program were in strong agreement with the mean IC
values obtained from the modified pressure-calcimeter

Table 2. Mean soil inorganic C of North American Proficiency Testing program soils as determined by modified pressure-calcimeter

(1.00 g sample 2 hr™') and by gravimetric method.

Modified Standard Standard
Soil pressure calcimeter deviation RSD§ Gravimetric deviation RSD§ t value P> |
gkg! % gkg! %
98-105+ 1.9 0.05 2.7 2.2 0.26 12.3 -0.18 0.8740
99-115¢ 5.1 0.08 1.6 51 111 22.0 0.94 0.4478
98-1147 9.2 0.13 14 8.9 0.47 53 0.70 0.5562
98-104+ 134 0.24 1.8 12.3 0.54 44 -0.25 0.8229
2000-103: 20.4 0.21 1.0 19.8 0.47 24 -1.04 0.4059
98-119:% 58.3 0.65 1.1 57.8 0.58 1.0 -1.39 0.2991

T 20-mL Wheaton serum bottle used as the reaction vessel with the modified pressure-calcimeter method.
+100-mL Wheaton serum bottle used as the reaction vessel with the modified pressure-calcimeter method.

§ RSD is relative standard deviation.
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Products, Millville, NJ) as the reaction vessel.

method for five of the six soils evaluated. The exception
soil identified as 98-119 had a reported median value
of 37.7 g IC kg™ ! (Table 1), and a relative median de-
viation of 39.8%, which is unusually high. In addition,
comparison of our gravimetric IC with our modified
pressure-calcimeter method IC showed soil 98-119 to
contain 57.8 and 58.3 g IC kg™, respectively (Table 2).
Statistical comparison for all six NAPT soils showed no
significant difference between the IC by gravimetric
determination and IC by modified pressure-calcimeter
method. A linear regression of gravimetric IC on modi-
fied pressure-calcimeter IC for these soils had a slope
of 0.991 and an r? of 0.99.

The method detection limit (MDL) of the modified
calcimeter method for the 20-mL Wheaton serum bottle
(Wheaton Science Products, Millville, NJ) for IC was
0.17 gkg . The limit of quantitation (LOQ) for the 20-mL
reaction vessel was 0.30 g kg~! (Fig. 5). The 100-mL
Wheaton serum bottle (Wheaton Science Products,
Millville, NJ) had a MDL of 0.42 and a LOQ of 2.4 g
kg~! (Fig. 6). Therefore, soils with <5.0 g IC kg ™! should
be analyzed using a 20-mL serum bottle and soils above
18 g IC kg~ ! should be analyzed using a 100-mL serum
bottle. To determine which reaction vessel to use, soils
can be screened by using a 1-h reaction time with a
0.25-g sample size in the 100-mL reaction vessel and
the voltages produces by the transducer evaluated. For
example, unknowns that produce voltages below 0.50
would need to use the 20-mL reaction vessel to optimize
the detection limit. Samples which produce >0.50 but
<1.20 voltages would produce voltages within the 100-mL
reaction vessels calibration curve range for a 1.00-g sam-
ple. However, samples which produce >1.20 V would
also use the 100-mL reaction vessel but with a reduced

sample size from 1.00 to 0.50 g to be within the trans-
ducers voltage range.

Reduction of sample size from 1.00 to 0.50 g in the
20-mL reaction vessel decreased the RSD percentage
slightly, but did not significantly alter mean IC recovery
(Table 3). Relative standard deviations were <5% for
both sample sizes, with the exception of soil 98-105 (~2 g
kg~ IC), which had a high RSD (14.2%) associated with
the 1.00-g sample size. This degree of variability may
be because of high SOC and a clay content of 280 g
kg~!, which may have affected the acid-to-soil contact
with the larger sample size. Soil 98-119 contained suf-
ficiently high IC (~60 g kg~! IC) as to be out of the volt-
age range for the 20-mL reaction vessel for both the
0.50- and 1.00-g sample size. With the 100-mL reaction
vessel, reduction of sample size from 1.00 to 0.50 g
produced a slightly higher mean IC value (Table 3), but
again this was not significant at the 0.05 alpha level.
With the exception of soil 98-105, RSD’s were generally
>5% for both sample sizes. We would, however, recom-
mend a 1.00-g sample when using the 20-mL reaction
vessel to maximize the precision for concentrations <2 g
kg ! IC as this will produce higher pressure transducer
output voltage. For the 100-mL reaction vessel, a maxi-
mum sample size of 0.50 g is advised for IC concentra-
tions >60 g kg~! as samples in this range will produce
output voltages above the pressure transducers range
limits. In addition, with the reuse of the serum bottles
as reaction vessels, these high pressures can weaken the
glass and make them susceptible to breaking.

Reaction time was not independent of the soil factor
(Table 4). Five of six soils were found to significantly
interact with the reaction time. All soils had the lowest
mean for the 1-h reaction time. The reaction time which
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Table 3. Mean soil inorganic C concentrations of six North American Proficiency Testing soils determined by modified pressure calcimeter

as affected by reaction vessel volume and sample size.

Mean RSD7 Mean RSD7 Mean RSD7 Mean RSD7
Soil ID for 0.50 g 0.50 g for 1.00 g 1.00 g el Pr>¢ for 0.50 g 0.50 g for 1.00 g 1.00 g el P>t
20 mL reaction vessel 100 mL reaction vessel
g kg™! %g kg™! % g kg™! % g kg™! %
98-105 1.9 4.7 1.9 14.2 1.13 0.3226 1.9 14.2 1.7 4.1 1.17 0.3086
99-115 5.1 14 5.2 54 0.22 0.8383 5.2 54 4.9 3.7 1.16 0.3090
98-114 8.9 2.8 8.9 3.6 0.10 0.9243 8.9 3.6 8.8 1.3 0.73 0.5038
98-104 13.0 0.9 13.0 2.5 0.01 0.9944 13.0 2.5 12.6 2.9 2.14 0.0994
2000-103 20.3 0.6 20.0 0.7 0.75 0.4927 20.0 0.7 19.7 1.1 2.66 0.0563
98-119 - - Out of range - - 60.0 0.5 57.0 3.5 1.33 0.2544

7 RSD is relative standard deviation.

Table 4. Soil inorganic C by modified pressure calcimeter using a 1.00-g sample in a 20-mL reaction vessel as affected by reaction time

with acid.
Reaction time (h)¥
Soil ID 1 2 4 6 14 18 24 F Value P>F LSD
gkg™!
98-105 1.70 1.80 1.76 1.90 1.70 2.23 1.96 12.57 <0.0001 0.16
99-115 4.83 4.96 4.93 513 5.00 5.30 4.83 7.71 0.0008 0.18
98-114 8.60 8.83 8.96 9.20 9.03 9.23 8.77 23.98 <0.0001 0.14
98-104 12.46 13.0 13.13 13.36 12.90 13.03 13.0 6.42 0.0020 0.33
2000-103 19.5 19.96 20.36 20.43 20.10 20.16 20.33 3.94 0.0162 0.49
98-119% 56.3 57.40 59.10 58.07 59.33 58.83 59.20 1.73 0.1871 ns§

T Reaction time of soil with 6 M HCI with 3% FeCl, reagent.
% 100-mL Wheaton serum bottle used as the reaction vessel.
§ Not significant.

released the most IC in a reasonable amount of time
was 6 h for most soils. The reaction time did not appear
to depend on soil IC concentration, but could be af-
fected by the soil texture.

Soil organic C determined by subtracting total inor-
ganic C by the modified pressure calcimeter from total

soil C by combustion was highly correlated with Walk-
ley—Black SOC for both the NAPT soils and the eastern
Colorado soils. The regression of the six NAPT soils
had a slope of 1.17 and an r? of 0.99. The regression of
SOC determined by subtracting IC from the total C by
combustion against SOC determined by Walkley—Black
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for 72 eastern Colorado soils had a slope of 0.96 and
an r2 of 0.95 (Fig. 7). The Walkley-Black SOC of these
soils ranged from 1.5 to 27 g kg~ !. The IC, using 1.00-g
sample size and the 20-mL reaction vessel with a 6-h
reaction time, ranged from 0 to 15.7 g kg~'. The differ-
ence in slopes could be because of the bias associated
with varying methodologies across laboratories in the
NAPT program. The slopes were not tested for a statisti-
cal difference as direct comparisons of the NAPT pro-
gram results would not be valid because of the potential
biases associated with technicians and varying method-
ologies. These results however, show that the modified
pressure-calcimeter method is an accurate way of cor-
recting total C obtained from combustion systems and
that it is a reasonable and reliable alternative to the
Walkley-Black method for SOC.

CONCLUSIONS

Our modification of the pressure calcimeter appara-
tus lends itself to the large sample output needed in
commercial and research laboratories. It produces accu-
rate and precise results using simplified techniques and
minimal equipment investment. Batch runs of 120 sam-
ples per day are possible using a 6-h reaction time and
3 to 5 s per sample for reading output voltage from the
pressure transducer after puncturing the reaction vessel
rubber stopper. Changes in laboratory temperature and
pressure can affect the pressure change in the reaction

vessel, and, therefore, a calibration curve is needed for
each batch to correct for these changes. By changing
the reaction vessel volume size or the sample size, the
complete analytical range can be determined with high
precision. A reaction time of 6 h is recommended be-
cause it resulted in the highest IC value in a relatively
short period. Soil organic C determined by total C minus
IC was highly correlated with SOC measured by the
Walkley-Black method across a wide range of calcare-
ous and noncalcareous soils.

REFERENCES

Klesta, E.J., and J.K. Bartz. 1996. Quality assurance and quality con-
trol. p. 19-48. In D.L. Sparks et al. (ed.) Methods of soil analysis.
Part 3. 3rd ed. SSSA Book Ser. 5. SSSA, Madison, WI.

Loeppert, R.H., and D.L. Suarez. 1996. Carbonate and gypsum.
p. 437-474. In D.L. Sparks et al. (ed.) Methods of soil analysis.
Part 3. 3rd ed. SSSA Book Ser. 5. SSSA, Madison, WI.

Leco Corporation. 1995. Total and organic carbon in soil, limestone
similar materials. Application Bull. Leco Corp., St. Joseph, MI.
Nelson, D.W., and L.E. Sommers. 1996. Total carbon, organic carbon
and organic matter. p. 961-1010. /n D.L. Sparks et al. (ed.) Methods
of soil analysis, Part 3. 3rd ed. SSSA, Book Ser. 5. SSSA, Madison, WI.

Peterson, G.A., D.G. Westfall, and C.V. Cole. 1993. Agroecosystem
approach to soil and crop management research. Soil Sci. Soc. Am.
J. 57:1354-1360.

SAS Institute Inc. 1999. SAS/STAT user’s guide. Release 7.0 ed. SAS
Inst. Inc., Cary, NC.

U.S. Salinity Laboratory Staff. 1954. Methods for soil characteriza-
tion. p. 83-147. In Diagnosis and improvement of saline and alkali
soils. Agr. Handb. 60, USDA, Washington, DC.

Wagner, S.W., J.D. Hanson, Alan Olness, and W.B. Voorhees. 1998.
A volumetric inorganic carbon analysis system. Soil Sci. Soc. Am.
J. 62:690-693.



